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On  the  Kimtics  of  Disrupting 
Super conductivity  by  a  Variable  Field 

by 

I.  M.  Lifshits  and  F.  I.  Tsikovich 

Report  by{l]  contains  e^uationa  ,  determining  the  kinetics  of  disruption  of 
superconductivity  of  a  cylindrical  sample  by  a  longitudinal  magnetic  field,  and  the 
case  of  a  constant  field  is  discussed  in  detail.  In  experiment |2j  were  obtained  basic 
results  for  a  variable  field  with  consideration  of  the  relaxation  effect.  Ibis  report 
has  the  purpose  of  giving  a  more  thorough  explanation  of  these  results  with  considera¬ 
tion  of  sample  curvature  and  thermal  effects. 

xar.l.  Basic  Equations 

In  the  plane  case,  when  the  thickness  zate  of  the  normal  phase  layer  is  small  in 
cotnparison  with  the  radius  R  of  tho  sample,  the  process  is  described  by  following 
equat  loufi  >• 

dt  "  <*j  <w*  *  0  <  z  <  V  (0.  O) 

C(/.)=0;  (*>  . 

H  |z_o  =*  //#  (t)\  (J) 

"L. — it> 

Here  a  -  spued  of  light;  ($  -  normal  conduction)  V0  -  relaxation  coefficient  of  speed 
dimension)  z-distance  from  surface  of  sample;  H^t)  -  out-jr  field)  %(?)  -  critical 
field)  T  -  temperature  ca  boundary  of  phases,  which  is  considered  so  far  as  a  definite 
function  of  time)  t0  -  moment,  when  the  outer  field,  as  it  rises,  it  attains  for  the 

FTI>TT-f-2-l7l6/lv2  1 


first  tint*  values  T0) •  where  ?  s  T(to)  at  t  ^  tQ  ;ho  sample  it  in  •upn'ccnductive 
state). 

The  outer  field  //,(/)-  Ht  +  H.slnot  (l) 


is  periodically  acquiring  valuer,  higher  and  lower  than  the  critical 

(Ha  >/HkCT0)-Hfl  /) 

Than’cs  to  the  additional  boundary  condition  (5)  taking  into  considerat  ion  the 
effect  of  superconductivity  zone  in  disrefjardir.g  the  depth  §Q  of  field’s  panetra- 
tioa  into  the  supor conductor  (nt  temperatures  not  very  close  to  critical.  S0  ~  10-5  cm), 
the  combination  of  equations  (l)-(5)  synonymously  determines  the  magnetic  field  in  a 
normal  layer,  because  the  kinetics  of  phase  transition  docs  not  depend  upon  the  elec¬ 
trodynamics  of  superconductive  state.  The  vie  of  the  Ohm  law  in  equations  (1),  (5) 
requires  that  zeta  should  be  greater  than  the  length  L  of  the  free  migration  cf  elec¬ 
trons^  (at  temperatures  under  consideration  L<"vl0"3  cm).  Consequently,  the  plane  approxi¬ 
mation  haa  a  zona  of  applicability  at  L  (in  the  ka<*m  to  us  experiment!*  10“^  - 

10'2  cm). 

The  mechanism  of  superconductive  transition  for  further  action  is  non-essentialj 
it  ia  only  sufficient  to  osaume  that  superconductivity  succeeds  in  fully  recovering 
within  a  part  of  the  period,  when  HQ  4,  Hj,.,  This  assumption  needs  experimental  confir¬ 
mation,  or  it  is  principally  possible  ,  that  at  Hjj  on  the  surface  is  formed  a 

thin  superconductive  film,  isolating  the  magnetic  flux  in  normal  layer  and  preventing 
in  this  way  further  restoration  of  superconductivity. 

Equetions  (l),  (3),  (4)  and  (5)  can  be  written  in  form  of  one  integro-dif ferential 
equation.  3y  determining  the  electric  field  E  from  equations  of  electromagnetic  in¬ 
duction  and  substituting,  the  currant  j  *  <j  5  in  the  Maxwell  equation  for  rot  S,  w«  have 

•  f— ?*}**•  (61) 

Footnote  to  eq.(4)>.«l«...*t  z«ta‘  V  which  in  case  of  low  suparcrittoalmsa  la 

always  fulfilled  (sea  (24),  (22)),  r  • 

l.Case  where  zeta  4L  was  discussed  in[)j 
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Integration  of  this  equation  by  a  by  the  use  of  boundary  conditions  (3)*  (4)  gives 

C  C 

II u  (T)  (l  +  )  -  //.  =  -  ~  j  (f  II  <z\  I )  d:‘)  dz.  (7) 

•  » 

From  here  it  is  easy  and  physically  descriptively  to  derive  an  equation  of  motion  of  the 
phase  boundary  in  ease  of  small  supercriticalness,  if  we  would  write  approximately 
H  »  H^)2* 


„  H.- Ilk  IT.)  (  Hf-nk<j.)  \ 

U  =  - 77~Trr~ -  |  Uc  TTkJfj  '  *  }  • 


Hk<T ,) 

Hk(T)-ll„{T .)  _  (T  -  T.)  dHk/dT 
'  Hk(TJ 

l  r\ 


Ilk  (T.)  •  <,  *  f»  * 


-  Cl'/'1 

5  =  77-  X-7T  (tt 


4r.3 


. 


(8) 


seta* 


and  disregarding  member  Xxi'-i)  of  second  smallness  magnitude  (delda  xi'  »  70  ^  1, 

v<u^.l),  we  obtain  „ 

-to. ;</•)  =  <>  (?'  =  §)• 


(9) 


Here  u  describes  the  change  in  outer  field,  causing  a  phase  transition,  the  remaining 
members  -  internal  phenomena  in  the  superconductor,  determining  the  rate  of  the  boun¬ 
dary*  xi  xi* -elec tr ana gnetic  'braking  ■  (Foucault  currents),  lambda  xi* •relaxation, 
v-thermal  effects. 

In  inertialess  (7, 0_»oo,  1  »  0,  ^  =  0)  and  isothermal  (K»  To*  v  «.  0)  cases  (9) 
coincides  with  equations,  obtained  inland  {2}  ^  decomposing  into  steps  of  small  pa¬ 
rameter.  If  for  the  obtaionent  of  these  equations  the  field  distribution  in  normal 
layer  had  to  be  approximated  by  a  linear  function 

II  =  /7„<r9)[l  —  [u  — o  — 


then  in  this  report  it  was  found  sufficient  a  more  rough  approximation  H  =  const. 

This  is  explained  by  the  fact,  that  in  (7)  the  field  H  stands  under  the  sign  of  the 
integral,  so  that  its  values  are  "used  •  over  the  entire  thickness  of  the  normal  lay 
er  0Z_  *  zeta,  while  in  (3)  •  (5)»  appearing  as  the  basic  ones  in(l]andj2J  the 
boundary  values  H  only  'participate*. 

2~TBIB~EZrth'gd  was  applied  in {41  to  the  exceptional  ease  of  a  constant  field  .isothermal 
condition  and  inertlalesa  motion. 
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Par .2, Iso thermal  Case 

This  case  takes  place  at  sufficient  heat  transfer  either  into  the  surrounding  me¬ 
dium  (e.g*  when  flushing  the  sample  He-II)  or  in  the  deep  areas  of  the  saaple*having 
considerable  specific  heat*-.  Since  it  is  experimentally  realizable*  it  permits  full 


mathematical  investigation,  and  that  is  why  it  is  of  moat  interest* 

In  the  role  of  basic  unit  it  is  proper  to  select  a  period  of  the  external  field* 
t^  ■  2  Gt  /O)  |  then  r^  3  iis  ,  where 

:  ■  ,  ‘-pfe  ,l0' 

depth  of  penetration  of  the  variable  field  of  frequency  (o  into  normal  phase 
(•skin  depth*),  lhe  equation  of  motion  of  the  boundary 

C5'  +  I5'  =  <i.  i('-o) “0  (11) 

is  Integrated  in  general  form 


ud--\-X*  —  X,  h jiii  y  =  V  £rSudx +'*-'• 


(12) 


The  normal  layer  reaches  maximum  thickness  a  3  nxi»..  at  the  moment  *  deter 

minable  as  the  first  one  different  fran  root  of  equation  u(T)  3  0  (H^t)  3  H^), 
afterwhlch  starts  the  restoration  of  superconductivity*  If  it  does  take  place  by  reverse 
motion  the  boundaries  in  conditions  of  *magietic*  supercooling  the  normal  phase  with¬ 
out  formation  of  new  nuclei^*  remain  in  force  the  equations  ( 11)  and  (12).  Then,  if  the 
constant  component  of  the  outer  field  is  greater  than  the  critical  value  (u^O)  the 
result  of  each  cycle  is  irreversible  disruption  of  superconductivity  in  the  layer  of 
definite  thiclcnesa*  so  that  during  the  period  of  the  final  number  of  cycles  there  is 
total  disruption  in  superconductivity.  In  an  opposite  case  Uq  4=  Hk(*B*Qc^  0  )  toward 
tho  Initial  moment  of  the  second  cycle  superconductivity  sucoeeds  in  fully  restoring 
itself,  and  the  process  is  periodic*  When  Hs^Hq  ♦  )\  (especially,  when  there  is  no 


l.Isothermicity  criterion  see  par .4. 

2,  For  sufficiently  high  frequencies  this  hypothesis  is  highly  probable* because  the 
origination  of  a  nucleus  requires  finite  time* 
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constant  component)  In  aach  ceriod  appears  a  cycle  of  disruption-restoration  of  super 
conductivity  by  the  field  of  opposite  direction*  la  the  discussed  ease  y  far  1  hath 
cycles  do  not  cover  each  other* 

From  equation  (12)  are  obtained  two  specific  casesipurely  electromagnetic  at  zeta 
^  1  and  purely  relaxation  at  zeta  /£- 1.  It  can  hardly  be  expected  that  1  should  be 
too  mich  greater  than  the  length  of  the  free  run  of  electrons  (beeause  T0  by  the  order 
of  magnitude  is  not  smaller  than  0^/45(61.* 10^  cm/sec^) j  it  is  meet  probable 
that  1^  L  (1-10*5  9  io*°  cm).  Consequently*  the  purely  relaxation  case  takes  place* 
apparently  when  zeta  i.e*  not  in  the  zone  of  applicability  of  equation 
(12) |  consequently*  the  actual  condition  of  realizing  a  purely  relaxation  ease  dif¬ 
fering  from  zeta<^-l,  obtained  from  (12)* 

In  purely  electromagnetic  ease 


% 


the  frequency  dependence  of  depth  and  rate  of  disruption  of  ..  superconductivity 

v~vz  {/j2)  . 

is  obtained  from  deliberations  of  dimensionality  and  is  not  connected  with  the  small 
ness  of  supercriticalness  (aeejVJ  ),  We  will  underline*  that  these  ratios  take  place 
only  upon  disregard  of  sample  curvature*  by  a  change  in  its  temperature  and  relaxa¬ 
tion*  thanks  to  which  the  nondime  os  ional  formulation  of  the  problem  does  not  include 
R/r^  and  TL,  depending  upon  q.  The  obtained  frequency  dependence  corresponds  to 
the  time  dependence  for  the  case  of  constant  field  (see  [tj ),  if  it  is  assumed  that 
t—  l/«k 

The  maximum  depth  of  superconductivity  disruption 

l*Here*as  v.ell  as  for  all  other  numerical  evaluations  and  calculations*  the  conduc¬ 
tivity  value  waa  taken  for  tin*#*  5*10^®  sec"1.  For  a  majority  of  purs  metals# 
is  the  same* 
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Hare,  y  “  %  “  ^racti°n  of  the  period,which  constitutes  the  time  of  disruption 

in  superconductivity,  \ ^  0,65  (so®  (18))-  mean  value  of  the  function  u/fc  in  thia 
interval,  a  -  smaller  or  of  the  magnitude  £  ,  wnereby  its  ratio  is.  not  disrupted  even 
at  greater  supercriticalnesses,  when  changes  into  VI Z  (see{2]),  which  grows 
extremely  slowly,  remaining  of  the  order  of  1  at  all  real  values  fc  The  proportionality 
of  the  depth  a  of  skin  depth  £  indicates  similarity  in  the  disruption  of  superconduct¬ 
ivity  and  penetration  of  the  field  into  normal  metal,  The  fact  is,  both  phenomena  are 
described  by  one  and  the  very  same  equation  (l)  and  the  boundary  condition  (3)  on  the 
surface)  only  the  initial  condition  (2)  and  conditions  (4)  and  (5)  on  the  phase  boun¬ 
dary  differ  from  the  corresponding  conditions  H/t=o  ®  aQd  H/j-gjf  0  for  the  case  of 
normal  metal.  However,  if  the  field  in  normal  metal  decreases,as  it  gets  away  farther 
from  the  surface,  quite  rapidly,  as  is  the  case  with  the  skin-effect,  it  is  possible 
to  introduce  by  the  order  of  magnitude  thickness  values  zeta  of  the  layer,  in  which 
the  field  is  localized,  and  then  the  phenomenon  will  be  described  by  equations  (1)  - 
(5),  where  it  is  only  necessary  to  write  «*  0,  The  .latter  expladns  the  dependence 
of  n  upon  the  supercriticalness  £, 

The  rate  of  the  phase  boundary 


V-i T,T-  <15> 

The  inverse  dependence  of  V  upon  zeta  explains  the  basic  experimental  result  - 
divergence  of  orders  of  speed  magnitudes  at  total  transformation  of  the  specimen  in 
to  normal  state  (seejjfp  aad  during  disruption  of  superconductivity  by  a  high  frequency 
field  in  a  thin  surface  layer  (see  %'[  )•  Fhysieally  this  can  be  interpreted,  as  a  much 
easier  ‘reduction*  by  the  electraaagne tic  field  of. a  thin  normal  layer.  The  average 
rate 


v  a  „  L 

Kc*  tm—  /,  2s  r  <?•  '  2*9 


(16) 


To  give  an  idea  about  the  order  of  values  a  and  VaT4r  at  variaus  frequencies  wa 
present  the  following  tablet 
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10-*  I  10  10* 


10*  10*  I  |0» 


=. » -  “ 

~pZCM  1,7  5.4.10-*  1,7*  10— 1  5.4- 10—*  1,7. 10— •  5.4*10-*  l,7.|0-» 

v'*lyrEi-~i= 

m0M^Ci  U‘l°~l  U  54  '-7-10  5.4-10  1,7.10* 

The  range  of  frequencies  in  which  for>m.laa  (14)  and  (16)  are  applicable*  is  limi¬ 
ted  by  requirements  L^s<^R,  i.e.  Onega  (R)  (*>//£—  Onega  (L)\  where 

(17) 

the  frequency  at  which  maximum  depth  of  superconductivity  disruption  equals  a.  At 
RfvlO**1-  10"2  cm*  Lr->10”3  cm,  it  gives 

10-4- 10* 

The  dependence  upon  relative  valuea  of  constant  and  variable  components  and  the 

critical  value  of  the  field  (l*e*upon  b  and^  )  is  contained  in  m  and  £  In  this  ease 

JL  ” 

y  and  \are  the  function  of  A  »  h  only  i 

i  i  I/25/s(KI).. 

9«_arccos,  +  tt-|  1/2(0<cl); 

y~^l  i  (4-0.667  WCD. 

X"«.«.rir,  '  “l  ^ -0.637 

In  fig*l  are  given  graphs  of  functions  ■/  ft£m  ^  an^  ^aver/VfctoS  3l| ^/25T«ji. 

The  dotted  line  shows  asymptotic  curves. The  corresponding  approximated  formulas i 
See  page  7a  for  equasions  19  and  20 


1.  In  addition  to  isothermal  conditions*  which  also  represent  a  frequency  limitation 
(see  (53)»  (55)»0>6)).  The  conditions  of  inertialessness  a  ^  1  i*e*  Cmega  (l)» 
in  conformity  with  above  made  statements*  apparently*  is  cciver sd  by  requirement  a  ^  L* 
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j  yYtt  (b  <t  *). 

\Vw^^ 


(*«•). 

-J —  (»>•) 


C{s)^ 


7.  (*  «  0. 


2  |/~S 

3m 


(6  >  t). 
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rig.i. 

In  purely  relaxation  ease 

i  ?  r 

{  =  TjMrft,  Z^VAudt.  (2|) 

%  U 

The  physical  sense  of  this  approximation  is  explained,  if  we  compute  the  rata 
of  the  boundary  y  =  UV9  =  V,  ,t>  ~?k- .  (22) 

H/zszeta  -Hyg 

A  comparison  with  formula  Y  ■  Y„  of  ordinary  case  diowa,  that  equation 

(21)  disregards  the  difference  between  the  values  of  the  field  on  the  phase  boundary 
and  on  the  surface  of  the  sample. 


Maximum  depth  and  average  rate  of  superconductivity  disruption  are  determined  by  the 


following  foroulasi 


Z«V,  Ik  ^  X 

<  -  -  2’cTf*  v>  =*  '* 

*  KKT  .  «  4 1/? 


_  v  r<*‘ 
~5“  77^  <*»•>: 


Actually,  the  dependence  upon  frequency,  supercriticalness  and  parameter  -O’ was  ob¬ 
tained  different,  than  in  juxely  electromagnetic  case  (compare  (ty),  (16),  (19).  in- 
stead  of  the  dependence  upon  conductivity  a  dependence  upon  Y0  appeared. 

In  general  case  (12)  (  zeta^  1)  the  rata 
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V 


(24) 


i  •  (<ff  -t  ) 

-  vmjri l"pi'w“ '» 

(see  (15),  (22)).  Maximum  depth  and  average  rate 

•  - '  ■  -1-  - 
=  2Xs V, ^  [Y—  +  *  — « j  (r-‘ (')  =  (VJc)*)  (25) 


«g*2. 

are  presented  graphically  in  fig#2.The  dotted  lines  represent  the  above  discussed  spe¬ 
cific  fornulas  (14)#  (16  and  (23).  The  dash-dots  show  curves,  approximately  considering 
relaxation  correction  (  V  l/am  CD)  to  fornulas  of  purely  electramgnetic 

instance*  The  relaxation  coefficient#  presenting  considerable  interest  for  the  micro-* 
aoopio  theory  of  superconductivity,  ean  be  determined  with  the  aid  of  measuring  s  or 
w  in  the  range  of  frequencies,  permissible  for  the  present  theory,  provided  it  will 
be  possible  to  oaks  then  quits  accurately  (eunsnary  relative  error,  including  also  the 
errors  of  the  experiment  as  well  as  the  inaccuracy  of  our  fornulas#  should  be,  in  any 
event,  much  lower  1/L)» 

fhr«3»Calculation  of  Curvature 

In  the  case  of  a  cylinder  it  is  suits  his  to  adopt  as  basio  unit  its  radius,  r^  ■ 

Bj  then  40(6B2/ea  ,  ^  ■  l/R*  In  diasnslotiless  variables  the  peoblsm  acquires  the 
form  of « 
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Here 


dU  1  d  (  dU\  ,  \  ^  ^  * . 
0%  “  )  Of  lP  df)'  *• 

WU  =  “M; 
l»-*w  =■  k-VW; 

3U~v<* 

^(■g-  1. 


(26) 

(27) 

(28) 

(29) 

(30) 


^ U^IT  \  •  I*  »  •  t  O  • 


(3l> 


/Mr.)  •  r  /? 

recurrent  coordinate  (radius  in  cylindrical  system),  a=a(t)  -  radius  of  superconduo- 
tive  core)  disregarding  the  very  sane  items,  as  in  plane  ease* 

To  derive  an  approximate  equation  of  motion  of  the  boundary  in  case  of  low  supercri¬ 
ticalness  we  are  employing  the  methodjsj  .  Transforming  in  equations  (26)  to  independent 
variables^)  we  haw*  .  . 


1  d  I  0U\  ,  dUdU  I  n  f  Ctl  \ 
?  d?)  "r  <h,  ‘  / 


Eliminating  the  nonlinear  member  ^ ^  ^  2  and  ^  integrating  twice  with 

consideration  of  the  boundary  conditions  (27),  (28)  we  obtain 


dU 


(32) 


Now  (30),  (31)  give 

tn  In  r,  —  1)  V  -  U  —  o,  T,  (g  —  |.  (33) 

The  very  same  result  can  be  obtained  by  the  method  described  in  per.l  of  this  re¬ 
port. 

Confining  ourselves  to  the  iscmeric  case,  we  integrate  (33)* 

1  —  ij*  ( I  —  21nT()  +  4X(l—  rj-tjadx.  (&) 

% 

As  it  actually  shoul  be  ,  at  1  -^^.1  (33)  and  (34)  ®fs  converted  into  equations 
(9)  and  (12)  of  the  plane  approximation,  as  discussed  shore*  If  1  -qi^l,  at  *XtL  1 
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the  relaxation  member  can  be  disregarded.  Consequently,  if  for  a  sample  of  ordinary 
dimensions  (R  1)  arises  the  need  of  considering  the  curvature  ,  we  have  then  a  purely 


electromagnetic  ease 


% 

,  =  >If(4|iid-)  =  >P(25l1.) 


<as) 


(see  (13)),  where  (w)  is  determined  by  the  ratio 

1  __  ty*  (i  _  2  In  V )  =  w. 


(36) 


The.  graphs  of  functions  Ctaega(w)  is  shown  inJVj  .  It  decreases  monotonously  from 

1  at  w  =  0  to  0  at  w  =  1.  d&nega/dw  at  w  =  0  and  w  =  1  transforms  into  infinity,  and  at 

_i_  _2_ 

Onega  =  e  =  0.37*  w=l  -  e^  -  O.59  (bending  point)  has  a  min,  equalling  e/4  3  0,68. 
Maximum  thickness  of  normal  layer 

S  =  /?(l— W(2sV/?,)l=  R  ( 1  —  I2Q  (/?)/u»]}  (37) 

solid  curve  in  fig.3)  is  obtained  greater, than  in  the  plane  case  (dotted  curve).  In  this 
respect  there  is  an  increase  in  VaTer.The  coefficient  of  increase  rise  monotonously 
from  1  at  S  =  0  to  T*at  S  =  R.  Total  disruption  in  superconductivity  within  a  period 

9 

of  (me  cycle  takes  place  at  frequencies  .smaller  than 

-77  ■  —  cue-'  (b  «). 


» (/?)~ 


lylx) 


(38) 


(sea  (20)). 

In  a  purely  relaxation  easa  (  R  4^  1»  /l  1). 

t 

Tj  =  1  —  -i-  j  U  dx, 

% 

which  coincides  with  equation  (21)  of  plane  approximation  in  conformity  with  the 
phyaioal  nature  of  this  case.  Total  disruption  in  superconductivity  occurs  at  fre- 
quencies,  smaller  than 


(38) 
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Fie.3. 

BarJi.Therml  Effects 

As  result  of  enormous  electro-end  heat  conductivity  of  a  majority  of  pure  metal* 
at  discussed  temperatures  (  x2  *  4  10*^  -  10^,  where  D  -  heat  conductivity 

coefficient)*  the  chants  in  temperature  can  be  determined  from  the  thermal  balance 
equation.  The  fact  1st  by  solving  equations  of  heat  conductivity*  carried  out  by^Q 
for  the  special  case  of  semispaee*  it  becomes  evident,  that  a  change  in  temperature 
is  practically  localised  in  a  layer  with  a  thickness  w-x  zeta/"|T  u  and  is  insigni¬ 
ficantly  low |  consequently,  at  zeta  uR/x  the  temperature  within' the  limits  of  tha 
sample  ia  practically  constant*  and  at  zeta  £^\j~uR7x,  when  the  thermal  balance 
equation  gives  an  understated  value  v,  this  error  is  not  substantial*  because  they 
are  all  equal  to  v^.n« 

Xn  this  way  a 


m 

+  x£t,  j*  ( Sr)*2"'  *■  -  *****  (T-TJ 


•M*Cf +  *(/?*  - a*)  C,“ 


T(U)=T,.  (40) 


Hare  in  the  numerator  is  given  the  amount  of  haat*  liberated  per  unit  of  time 
in  a  unit  of  sample  length  thanks  to  phase  conversion*  Foucault  currents  and  heat 

,  hr] 

exchange  with  outer  medium  (for  the  latter  was  adopted  the  Newton  lew  m  R  • 

g(T  y3H  -  T0))*  in  the  denominator  -  specific  heat  per  unit  of  length}  q  ■  {lAtf  ) 


rri>.TT-62-17l6A-« 


THfcdHfc/dT  -  heat  of  superconduc tivity  disruption  per  unit  of  volume;  K  -  heat  conduc¬ 
tion  coefficient |  C8  and  Ca  -  specific  heat  per  unit  of  volume  of  superconductive  and 
normal  phases  respectively* 


+  J. 


10* 


>(3^  -  criti  al  temperature).  The  temperature  change  of  all  introduced  values  *  with 
the  exception  of  q,  is  disregarded.  Considerations  of  the  temperature  dependence  q(T) 
1  ♦  v  does  away  with  the  limitation  v^  1  (in  this  paragraph  it  va3  not  assumed 
that  u  1),  which  offers  the  possibility  of  obtaining  proper  formulas  (44)-(ij6), 

In  the  dimensionless  variables  (r^  =  R,  as  in  previous  paragraph) 


oo 

dt 


_ 5 _ 

p  +  O  —  rtn1 


,  «o. 


Here 


„  _  Cn  TWIjJdT)'  _  Ilkdllk/dT 

‘  C,  •  *  ~  2it C,  >  P  “  2rC.  1 


SxaRKg 

c*C, 


=  2x*RS 


(«) 


dimensionless  positive  constants,  AtTo-Td.  T  it^l,  CC  ^  1  (  =1-2}  for 

'~J  /  / 

tin  <3/T  =  =  3*7°  *  0,67,  Oc/% .  2°  °»2),  The  ratio  decreases  from  infinity 

at  T  3  0  to  0  at  T  3  fy/cC'*’*-  at  "  T  T*  (Vc*.  —  (\-T)/T  at  T, 

In  case  of  lew  supercriticalness  c>  W (see  (32),  (33)  and  the  Joule 
heat  is  given  by  member  ln^  of  much  higher  order  of  smallness* 

than  the  heat  of  phase  transition* 


_  Ss*  =,  i.  ^  ln  1  h  a  — r^-Xy  . ... 

Ql  •«  +  »••  1  +  0 

Never  the  less,  by  virtue  of  its  irreversibility,  the  Joule  heat,  together  with  other 
thermal  effects  of  second  magnitude,  at  an  ideal  thermoinsulation  of  the  specimen 
would  have  qualitatively  changed  the  process  of  the  phenomenon  over  a  duration  of  a 
greater  number  of  cycles.  Consequently,  disregarding  later  on  these  effects,  we  will . 
(even  when  discussing  an  instance  of  adiabatic  condition)  assume  heat  transfer  as 
sufficient  for  the  lead  out  into  the  outer  medium  a  email  irreversible  part  of  the 
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liberated  (absorbed)  beat*  In  case  where  u^l  (43)  gives  -  80  that 

foruulas  (44)-(4 6),  derived  with  disregard  of  Joule  beat*  are  valid  only  at  fif<X ^1 

i.e.  VT  4  V 


Curing  thermal  Insulation  of  the  sample  Cf*  0) 

rfo  (i  +  »)n  _i  _ a. 

^  r+o -!*>•»■•  • 

1  +  0  =  4- (I  —  ^) V) ~  au_rt- 


(«) 


To  totally  disrupt  superconductivity  it  ia  necessary  a  that  the  outer  field  should 
exceed  Hfc  (1  ♦  r/f))  =  0)*  Consequently »  at  an  adiabatic  condition  a  second  critical 


▼slue  of  the  magnetic  field  appears* 

h;  >  -  H.  (£)  ■  *  “#/  (SW. 


<« 


so  that  for  ^  4.  H'k  the  equilibrium  appears  to  be  a  "mixed  •  state*  whan  the 
specimen  consists  of  superconductive  care  with  a  radius  . 


*»■= 


r  I 

y  [(» ' 


and  normal  cuter  layer* 

In  plane  case  (1-T|<^_  1)  v  ^  0(_ ,  end  foruulas  (44),  (46)  acquire  tha 


form  of 


Equation  (41)  is  simplified  considerably! 


*5'  — TfO,  y  ('•)“*  0 


(47) 

(48) 


(«) 


and  ia  integrated  In  cannon  fora 


O  -  a  ■  j  «-r  <—•>  (0)  j  _ 

w  .  v  * 

“  *^{5—  W  •  (50) 


Substituting  in  (49)  v  ®  u  -  »J ,  xi*  -lambda  xi*  (9)*  we  obtain  an  equation 
of  motion  of  the  boundary  with  consideration  of  thermal  effects  $ 

(J4  _  _  157  +  T  (a  —  ll’  —  *0  —  -  0.  5'  (*)  -  5  (T«)  ~°- 

It  permits  the  first  integral 

u  —  «'  —  K'  +  T  (j  «<** — 7  5*  —  -  0,  f  W  "  0. 

w 
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(51) 


Unfortunately,  at  finite  gamma  values  intonation  of  (51)  in  quadra tures  la  la- 


possible.We  will  therefore  confine  ourselves  to  specific  cases* 
When  gacma^Ao*  (51)  give* 


\  udi  —  -^5*  —  =  0,  1^1 

which  represents  already  a  known  isothermal  approximation  (12),  Considering  in  (51) 

a 

the  alpha  xl  member,  we  obtain  the  following  approximations 

5  =  +  (i  +  */T>*  -  (1  +  «/?).  (52) 

This  equation  is  valid  when  u  -  xi  xi*  -  lambda  xi*  Ralphs  xi,  i.e,xi*^gaimia 
xi,  which  is  fulfilled  within  a  period  including  almost  the  entire  time  of  disrupting 
superconductivity  (with  exception  of  the  initial  stage)  at 


,  HAH  (■> 


. . ^  2«tf* 

It  is  evident  from  (52),  that  the  thermal  effects  are  not  essential  during 

(54) 


(53) 


or  guana  ^  alpha/xie„.  Hie  latter  is  realized  practically  in  time  at 

^-^7.  «««  -<a(T«). 


(5$, 


In  thi3  way  (53)  and  (54)  or  (53)  and  (55)  present  sufficiently  valid  conditions 
for  isothermal  description  of  the  process  as  a  whole  on  account  of  heat  transfer  into 
the  outer  medium* Ibis  criterion  is  obtained  from  requirement  v  Au  (see  (50))* 

The  change  in  temper*  ure  can  be  small  also  on  account  of  greater  specific  beat 
value,  by  which  tho  absorbed  heat  is  being  distributed.  Even  at  thermal  insulation 
of  the  sample  v^u,  if  xi  4.  xie**  (see  (47)»  (48)*  The  latter  is  fulfilled  within  almost 
the  entire  period  os  superconductivity  disruption  (with  exception  of  the  final  stage) 


at 


0>  > 


(5G> 


The  equation  of  motion  of  the  boundary  permits  integration  in  general  fora,  when 


1 5 
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in  (9)*  the  member  xl  xi*  is  less  negligible,  i.e.  retardation  with  Foucault  currents 

f 

is  not  substantial  u  —  X5' +  7  ( f  w  — 15)  —  «?  *=  0,  (('»)=*0; 

<») 

5  =  i-  j «-<•<»+:><’-»>  |„  (0)  +  T  j  udx  }<». 

s  *■ 

Such  a  cumbersome  equation  is  obtained  only  in  ease  where  lambda  xi’^  ▼  (consequent 

ly,  xi lambda),  which  finds  itself  beyond  the  zcno  of  applicability  of  the  present 

theory.  3ut  if  in  (9)  the  basic  role  is  assumed  by  one  of  the  remaining  members  ,  (57) 

relaxation* 

is  simplified  considerably,  transforming  at  v^  lambda  xi*  (purely/  case) 

into  equation  (21),  and  at  v  ^lambda  xi*  (purely  thermal  case)  into 


(58) 


Under  an  adiabatic  condition  (58)  gives  xl  3  xi<*  i.e»the  process  represents  a  se¬ 
quence  of  equilibrium  states.  The  thickness  of  the  normal  layer  rises,  and  reaches 


maximum  value 


2«C,*« 

TidHkHfT' 


(59) 


it  decreases  and  turns  into  zero  together  with  supereriticalness.  In  this  case  no  dif¬ 
ficulty  is  involved  in  ^considering  the  curvaturejnee  (46 )J. 

The  criterion  of  the  quasistationary  process  has  the  form  of  and 

u1  OC.  u/lambda.  The  first  one  of  these  conditions  is  equivalent 


«C- 


<•«» 


(60) 


■  4 mirh  V  i+lA  * 

the  second  one  is  fulfilled  within  almost  the  entire  time  of  superconductivity  disrup- 
tion  (with  exception  of  the  initial  and  fihal  stages)  at 


w  C 


*•* 


(61) 


4 «/?*>.  |'  I  +  2/1 

Since  4&  Xy  r^2  ^see  (18)1 ,  conditions (69)  and  (6l),  as  it  was  to  be 

expected,  are  directly  opposite  (56). 

For  a  periodio  field  with  rectangular  form  of  pulse  it  is  possible  to  examine  also 
the  case  of  frequencies,  intermediate  between  (56)  and  (60),  (6l).  Integration  of 


l.These  frequencies  lie  beyond  the  zone  of  applicability  of  the  given  theory* 
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equation  (51)  at  ganaa  ■  0,  u  a  const  gives  for  the  maximum  depth  a  ■  Rxl  (2 Ctfluj) 

^+'(»  +7)ln[l-7OT!-^iS£.*  (62) 


aS 


The  frequency  dependence  a  in  inertialess  case  is  presented  graphically  in  fig,4. 
The  dotted  line  indicates  specific  caseat  isothermal  (higher  frequencies)  and  purely 
thermal  (lew  frequencies). 
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